Morphology of the masticatory surface of the mandibles, branchiae on pereiopods, and gill formulae have phylogenetic implications in freshwater crayfishes of the Northern Hemisphere (Astacidae, Cambaridae in Asia and North America). Here the mandibles and branchiae are described and illustrated for all four species of Cambaroides (Decapoda: Cambaridae). The mandible, gill, and gill formulae are similar in morphology in all four species of Cambaroides (Asian Cambaridae). However, the masticatory surfaces on the mandible of the members of Asian Cambaridae differ from those of the Astacidae and Cambaridae occurring in North America (American Cambaridae). The morphology and formula of the branchiae of Cambaroides show similarity to those observed in the members of Astacidae and American Cambaridae. However, the all species of Cambaroides differ from both Astacidae and American Cambaridae in lacking pleurocoxal lappet (= pendant) on the fourth pereiopod. These findings support phylogenetic results from molecular analyses.
INTRODUCTION
The freshwater crayfish in Astacida, superfamilies Astacidea and Parastacidea, are one of the most well-studied taxa of Crustacea and have been used as traditional model organisms in zoology since the work of Huxley (1896) . Today, there is no doubt about the monophyly of Astacida based on a number of morphological characters and molecular markers (Scholtz, 1999; Rode and Babcock, 2003; Sinclair et al., 2004) . Scholtz (1999 Scholtz ( , 2002 and Crandall et al. (2000) provided evidence for a single invasion into freshwater in the stem lineage of the freshwater crayfishes. However, their distributions are disjunctive and alternate with astacid species distributed in northwestern America and Europe, and cambarid species in far-east Asia (Asian Cambaridae or genus Cambaroides) and northeastern America (American Cambaridae). Their enigmatic distribution pattern has caused controversy concerning their systematic and phylogenetic relationships for more than a century (Huxley, 1896; Ortmann, 1902; Hobbs, 1988; Scholtz, 1999 Scholtz, , 2002 Crandall et al., 2000; Schram, 2001) .
Four species are currently known within the East Asian freshwater crayfish; Cambaroides dauricus (Pallas, 1772) , C. schrenckii (Kessler, 1874) , C. similis (Koelbel, 1892) , and C. japonicus (De Haan, 1841 ) (see Starobogatov, 1995; Fitzpatrick, 1995) . Although Cambaroides has been traditionally placed in Cambaridae, recent molecular evidence suggests that the member of Cambaroides should be separated from the Cambaridae (Crandall et al., 2000; Ahn et al., 2006; Braband et al., 2006) . However, morphological evidence for the monophyly of the species of Asian Cambaridae has not * Corresponding author; kawai-tadashi@hro.or.jp yet been fully clarified. Scholtz (1999 Scholtz ( , 2002 suggested that hooks on the ischium of the third and fourth pereiopods of the males and the existence of an annulus ventralis in females represent apomorphic features of Cambaridae, including Cambaroides. However, this observation conflicts with molecular evidence. Morphology of the mandible and morphology of gills is thought to reflect phylogenetic relationships of crayfishes inhabiting the Northern Hemisphere (Laguarda, 1961; Bouchard, 1981) .
In this paper, morphological features of the mandibles and gills were examined in detail for all four species of Asian Cambaridae. This result was compared with traditional taxonomy based on external morphology and recent molecular studies. The present study suggests monophyly of the species of Asian Cambaridae and that Cambaroides should be separated from Cambaridae. These findings do not agree with modern morphological studies, but they are in agreement with recent molecular studies.
MATERIAL AND METHODS
Five male specimens of all four species of Cambaroides were collected from as near to their type locality as possible by hand net (Table 1) and observed, and a representative individual in each species is illustrated. In addition, the pleurocoxal lappet of the gill on the fourth pereiopod (Hobbs, 1987) in male Pacifastacus leniusculus (Dana, 1852) , CL 5.1 cm (from Lake Shikaribetsu, Japan, on 01 October 2009) and male Procambarus clarkii (Girard, 1852) , CL 4.1 cm (from Kamakura, Japan, on 22 September All specimens were placed in 60% ethanol, and were then dissected to study the mouthpart (mandible) and gill characteristics (podobranchs, arthrobranchs, pleurobranchs, and pleurocoxal lappet). Observation followed the methods of Bouchard (1981) .
Terminology of the mandible and gill was based on Bouchard (1981) , Hobbs (1987) , and Hobbs (1988) . The mandible of crayfish is a subrectangular structure situated directly in front of the oral opening, connecting to the gastric mill of the stomach, and consists of a distal gnathal lobe ( Fig. 1A ) and a subrectangular basal portion (Fig. 1B) . The incisor ridge of the gnathal lobe and the molar ridge of the basal portion (Cd and Cp in Figs. 1-4, B-D) are here considered to constitute the masticatory surface of the mandible. The molar ridge is further divisible into two distinct regions, the cephalic and caudal molar processes. Gills are named according to their position of attachment: a single gill (pleurobranch) attach to the lateral body wall above some appendages and a pair of gills (arthrobranchs) attached to the articular membrane between the coxa and the body wall. A single gill may also be attached to the coxae (podobranchs). A pendant, setiferous lobe pleurocoxal lappet, (Pla in Fig. 5 ) usually arises from the pleurocoxal membrane between the fourth and fifth pereiopods.
RESULTS
Mandibles and branchiae of all four species of Cambaroides are very similar in morphology (Figs. 1-4) .
Mandible
Incisor process of the mandible (Figs. 1-4 , A-B) is asymmetrical, somewhat curved and broadly tapering distally, with a corneous distal edge bearing 4-12 crenate dentations along mesial margin, separated shallow grooves, two or three cephalic teeth larger (more prominent) and separated by distinct notches. The internal surface has a lip giving rise to two molar processes proximal to incisor teeth (Figs. 1-4, B) : the caudal molar process with an elevated, corneous, and triangular area with depressed center; and the cephalic molar process (Figs. 1-4 , C-D), with weakly corneous, rounded, often notched distal margin.
Branchiae
The branchial formulae are summarized in Table 2 . The gills on the fourth pereiopod are typically podobranchs and arthrobranchs. The podobranch possesses a bilobed epipodal plate (Lamina in Fig. 1-4 , E, F) and the anterior face has great number of branchial filaments (Filament in Fig. 1 , E-J and L, M); there is a single setiferous base rising to a narrow, posteriorly-directed, trough-shaped stem (Stem in Fig. 1E,  F) , expanded apically into a corrugated lobe. The arthrobranchs are plume-like; the main shaft has a great number of branchial filaments bearing vascular channels. The anterior arthrobranchs are slightly larger than the posterior arthrobranchs (Figs. 1-4, G-J) . The second to fourth pleurobranchs are rudimentary and lacking lamellae (Figs. 1-4, K) ; the fifth pleurobranch is plume-like, with the main shaft bearing a great number of branchial filaments containing vascular channels (Figs. 1-4 , L-M), and comparatively smaller than its arthrobranch. There is a pendant, setiferous lobe, (or pleurocoxal lappet) (Fig. 5A-B) without an articular membrane at the posterior base of fourth pereiopod (Fig. 5C-F) .
DISCUSSION
The morphology of the mandible reflects the phylogeny of the species of Holarctic crayfish (Astacoidea; comprising Astacidae and Cambaridae) (Bouchard, 1981) . Gill formulae and gill structures also reflect the phylogenetic relationship of the crayfish (Hobbs, 1974; Laugarda, 1961) . The morphology of the mandibles (incisor region, cephalic and caudal molar processes), gill formulae, and structures (podobranchs, arthrobranchs, pleurobranchs, and pleurocoxal lappet) are shared by all species of Cambaroides. The incisor region and caudal molar process in Cambaroides are similar in morphology to Astacidae and American Cambaridae. However, the cephalic molar process of the species of Cambaroides differs from that of astacid and American cambarid species, and thus this feature is unique for crayfish (Table 3 ). The morphology of the gills in species of Cambaroides more closely resembles that of astacid species than the American cambarids. Likewise, the gill formula of the species of Asian Cambaridae is the same as that of members of Astacidae, whereas it differs from that of species of American Cambaridae (Table 2) . However, the members of Cambaroides do have peculiar characters, such as absence of a pendant on the coxa of the fourth pereiopod. Hobbs (1988) mentioned that the pleurocoxal lappet has been found to occur in all crayfish groups except eastern Asiatic cambarids. However, this has not yet been shown in illustrations and the present study confirms this for the first time for all members of Cambaroides.
So far the phylogenetic tree of Astacoidea (Astacidae and Cambaridae) has been constructed based on morphology of reproductive organs, and in that regard Cambaroides has been grouped with Cambaridae (Hobbs, 1988; Scholtz, 1999 Scholtz, , 2002 (Fig. 6A) . However, the peculiar morphology of the gills and the mandibles in species of Asian Cambaridae amongst all the Holarctic crayfish suggests that Cambaroides should be separated from Astacidae and Cambaridae (Fig. 6B ). This conclusion is consistent with the findings of Crandall et al. (2000) and Braband et al. (2006) based on molecular data (CO1, 12S, 16S, 18S, 28S r RNA). The latest (Ahn et al., 2006 ). The present study reveals that the similar gill formula, the absence of pendant on the coxa of the fourth pereiopod, and a weakly corneous cephalic molar process of the mandibles shared by all species of Cambaroides supports the outcome of the molecular study of Ahn et al. (2006) . Further re-examination of the systematics of freshwater crayfishes in the Northern Hemisphere is warranted. Bouchard, 1981 and Hobbs, 1988 . (Hobbs, 1988; Scholtz, 1999 Scholtz, , 2002 ; B: From molecular data (Crandall et al., 2000; Ahn et al., 2006; Braband et al., 2006) . The putative stem and paraphyletic status of "Cambaroides" is indicated by quotation mark.
